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In this article we show the modification of the number of neutrino events (νµ + ν¯µ) caused by
Lorentz Invariant Violation (LIV), σ = 5× 10−24 and 10−23, in neutrino oscillations for a neutrino
factory at a distance of 7500 km. The momentum of the muons can vary from 10-50 GeV and we
consider 2× 1020 decays per year. The modifications in the number of events caused by this σ LIV
parameter could be a strong signal of new physics in a future neutrino factory.
I. INTRODUCTION
A certain type of neutrino beam is generated by a
muon source of very high intensity. These muons could
be stored and allowed to decay in a ring containing a
long straight section that points in a desired direction.
This kind of system was historically called a neutrino fac-
tory and its main foundations were first developed by S.
Geer [1]. The possible development of neutrino factories
promises to increase the precision of neutrino oscillation
parameters, assist in the determination of CP violation,
and also determine the hierarchy of neutrinos.
In Geer’s seminal article it was pointed out that there
are several improvements to neutrino beam experiments
that could be achieved using neutrino factories. One im-
provement could be in the determination of the νe and
νµ fluxes since these are important sources of systematic
errors. Also a more “pure” beam could be obtained, since
the νµ is contaminated by νe from K
+ three body decay
for neutrino beam experiments. All of this “contamina-
tion” makes it very difficult for the precision experimen-
tation in neutrino oscillation physics.
Several proposals of neutrino factories have been
made [2–7], but its realization is still far from happening
despite great effort and advances in research and devel-
opment. Recent reviews on neutrino factories and their
possible capabilities and physical potentials can be found
in [8, 9].
The principle of Lorentz invariance tells us that equa-
tions that describe some natural physical phenomena
have the same structure in all reference frames. So, if
we find some system with a violation of this principle, it
would be evidence of new physics and the possibility for
theoretical development in the understanding of the most
basic physical laws. There are several proposals and tests
involving Lorentz invariance violation (LIV) [10, 11]. For
a very recent review on tests of LIV in effective quan-
tum field theories and the gravity sector, see [12]. De-
spite this fact, we do not have compelling evidence of
LIV and its effects are supposed to be very small and
suppressed by the Planck scale (Mp ∼ 1019 GeV). Cur-
rently, we have limits on LIV based on experiments with
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electrons, photons and neutrons, for example. Existing
limits can be found in [13]. Generally, these limits are
put in a framework called the Standard-Model extension
(SME) [14, 15] which is an extension of the Standard
Model with Lorentz violating terms in the Lagrangian.
The recent global model for neutrino oscillations based
on the SME has shown consistency with all compelling
data from accelerator, atmospheric, reactor, and solar
neutrino experiments and it even reproduces the anoma-
lous low-energy excess observed in MiniBooNE [16, 17].
Neutrinos can play an important role in this LIV pic-
ture [18–21]. One of the ways of determining the LIV is
by measuring the neutrino (ν) time of flight [20]. For ex-
ample, this measurement was done by the MINOS exper-
iment [22], where they compared the detection times in
the near and far detectors of 3 GeV neutrino beams. The
result was (v− c)/c = 5.1± 2.9× 10−5 at 68% C.L. Also,
in a recent analysis, the OPERA experiment determined
−1.8×10−6 < (v−c)/c < 2.3×10−6 at 90% C.L [23]. Two
other experiments recently determined the neutrino ve-
locity: ICARUS with δt = δtc−δtν = 0.10±0.67±2.39 ns
[24] and LVD with −3.8× 10−6 < (v− c)/c < 3.1× 10−6
at 99% C.L [25].
Another way to investigate LIV is by making use of
neutrino oscillations since there will be modifications in
the energy-momentum relation of the particle and there-
fore its Hamiltonian will be modified [26]. Models of
string theory and extra dimensions have also explored
the LIV possibility by the breaking of CPT symmetry.
If CPT is violated, then there will be differences in the
oscillation probabilities of neutrinos compared with the
ones of antineutrinos. This possibility was investigated
in the context of neutrino factories in [27, 28].
In this work we investigate the modification in the to-
tal detected number of events (νµ + ν¯µ) by the intro-
duction of the LIV parameter in neutrino oscillations for
a neutrino factory with 2 × 1020 muon decays per year
localized at a distance of 7500 km from the detector.
The muons are accelerated until they reach a momentum
which varies from 10 GeV/c to 50 GeV/c. According to
our calculations, modifications in the number of events
can, in principle, happen when we consider the LIV pa-
rameter not equal zero since there is a modification in
the oscillation pattern. For the oscillation to be modi-
fied by the Lorentz violating parameter, which we call
σi, we must have EδσijL ≈ pi. So taking a distance,
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2L, of 7500 km, for example, and an energy, E, of about
10 GeV, δσij must be about 10
−23. In this article we will
choose δσij = 1×10−23 and δσij = 5×10−24 to compare
with the standard situation: δσij = 0. The reason we do
that choice is that they maximize the LIV effect for the
baseline chosen and the neutrino factory energy range.
This article is organized as follows. In Sec. II we
present the main principles of the production of neutrinos
in a neutrino factory. In Sec. III and sec. IV, we describe
the neutrino propagation and its interaction with matter
on the Earth including the LIV parameter, culminating
with its detection. In Sec. V, we present our results by
showing the number of events for scenarios including the
LIV parameter, σ, and also the standard situation with
no Lorenz violation (σ = 0). Finally, we conclude our
work in Sec. VI.
II. NEUTRINO PRODUCTION
As pointed out in [29], neutrino factories have basic
concepts enumerated as followed: (i) a pion source which
is produced by a multi-GeV proton beam (produced by a
multi-MW proton source) focused at a particular target;
(ii) secondary charged pions radially confined by a high-
field target solenoid; (iii) the production of positive and
negative muons by the decay of pions in a long solenoidal
channel; (iv) the capture of muons by rf cavities and re-
ductions in the spreading of energy; and (v) a reduction
of the transverse momentum of the muons in an ioniza-
tion cooling channel. We are not going to discuss in detail
the neutrino factory R&D. For more information about
this, see [8, 9].
In a general neutrino factory, neutrinos are produced
by µ± decay. All flavors are produced in a neutrino fac-
tory, except ντ and ν¯τ . We have the following decays:
µ− → e−+ ν¯e + νµ and µ+ → e+ + νe + ν¯µ. In the muon
rest frame, we can write the distribution of ν¯µ (νµ) in the
following expression [30, 31]:
d2Nνµ
dydΩ
=
2y2
4pi
[(3− 2y)∓ (1− 2y) cos θ], (1)
where y ≡ 2E/mµ, E represents the neutrino energy, mµ
is the muon rest mass, and θ is the angle between the
neutrino momentum vector and the muon spin direction.
In Eq. (2), we show the expression for the distribution of
νe (ν¯e):
d2Nνe
dydΩ
=
12y2
4pi
[(1− y)∓ (1− 2y) cos θ]. (2)
For simplicity we are going to consider unpolarized
muon beams, so Eqs. (1) and (2) become
d2Nνµ
dydΩ =
2y2
4pi (3 − 2y) and d
2Nνe
dydΩ =
12y2
4pi (1 − y). We will consider
2× 1020 µ± decays per year. The µ± momentum in our
neutrino factory will vary from 10 GeV/c to 50 GeV/c.
In Ref. [32] there was a proposition of a very low en-
ergy neutrino factory, where the muon energy is about
2-4 GeV and in [33], Sec. III-IV, there is a discussion
about the setup/optimization and the systematics of this
low energy neutrino factory. A recent proposition of very
low energy neutrino factory, with a initial beam energy
of about 300 MeV, called MOMENT, was made in [34].
III. NEUTRINO PROPAGATION
After the production, neutrinos will propagate through
the Earth and will travel a distance (L) of about 7500 km,
approximately the distance from Fermilab to Gran Sasso.
We know that those neutrinos will oscillate during their
propagation and will suffer MSW effects [35]. This base-
line L is usually known as the “magic” baseline [36] be-
cause it is the distance that, in principle, can help to solve
the unknown neutrino mass ordering and improve, for ex-
ample, the determination of θ13
1. For previous research
on the interactions with the matter from Earth and its
effects in very long baselines neutrino oscillations, such
as neutrino factories, see [37, 38]. The equation of evo-
lution, in flavor basis and using natural units (c = 1 and
h = 1), is described by
i
dΨα
dx
= HfΨα, (3)
where Ψα = (Ψαe Ψαµ Ψατ ), for α = e, µ, τ , and
x is the neutrino position. The effective Hamiltonian
(Heff ≡ Hf ) in this case includes the effects of matter
from Earth, represented by the function V (x), which con-
tains the charged current interactions of neutrinos with
the electrons in Earth:
V (x) =
√
2GFne(x), (4)
where GF is the Fermi coupling constant (GF = 1.166×
10−5 GeV−2) and ne(x) represents the electronic density,
which depends on the neutrino position along its path.
Considering ne(x) a spherically symmetric distribution,
the core and the mantle are the two main parts, as op-
posed to the other parts such as the shells and other lay-
ers. The Earth’s radius is about 6371 km and the core has
a radius of 3486 km. The mantle has 2885 km of depth.
The neutrino path through Earth is determined by the
nadir angle (θn). For θn ≤ 33.17◦, or L ≥ 10660 km,
neutrinos will cross the core. Since we are considering
distances less than this particular value, our neutrino
path crosses only the mantle region, which has an av-
erage density of n¯mantlee ≈ 2.2NA cm−3 [39], where NA
is Avogadro’s number. As it was developed in [40–42],
1 In [36], if there is a combination of this 7500 km “magic” baseline
with another baseline of 3000 km, this set of baselines could be
used also to determine a CP violation phase.
3because there is no significant change in the electronic
density, we consider ne(x) constant along the neutrino
path and equal to the average: ne(x) = n¯
mantle
e . From
now on we are going to represent V (x) ≡ V¯ . For mod-
ifications in the oscillations using a non-constant profile
see [43], where there are some changes in the oscillation
probabilities, however they are only a few percent.
We can write Heff ≡ Hf = UHU†+ V¯ , where U is the
PMNS mixing matrix, characterized by four parameters:
θ12, θ23, θ13,and δ, the phase related to possible CP-
violation. H is the Hamiltonian in the mass eigenstates
basis, (ν1 ν2 ν3), and it is related to the LIV modification,
because for a general mass eigenstate, i, we can write:
Ei ≈ (1 + σi)E + m
2
i
2E
, (5)
where we considered mi  pi, mi is the mass of each
mass eigenstate, pi is their respective momentum, for
i = 1, 2, 3, and E represents the neutrino energy. The
LIV parameter is represented by σi in the first order
approximation. For σi = 0, we recover the usual and
standard dispersion relation for a neutrino in the ultra-
relativistic approximation. This σ will represent a small
perturbation in the dispersion relation when we break the
Lorentz invariance of some Lagrangian. In other words,
LIV is produced during the propagation of the mass
eigenstates, so each mass eigenstate will propagate with
a different group velocity. Mixing angles remain equal to
the standard neutrino oscillation scenario (σ = 0) and no
drastic deviation happens from the current status of neu-
trino oscillation, since current data does not point to any
clear evidence of LIV. We also consider that, for simplic-
ity, the LIV parameter acts in the same way for neutrinos
and antineutrinos. For a different theoretical scenario
and a more advanced discussion, see [44]. In this article
we do not show any Lagrangian with a Lorentz breaking
term, but we invite the reader to look for a more theo-
retical motivation of this kind of phenomena in [26], for
example.
In order to give more meaning to our LIV parameter
σ, we will compare it with a particular case of the SME
discussed in section 4.2.1 of [19] and detailed in [45]. In
the isotropic approximation (no Lorentz violation from
rotations) and neglecting flavor information of the SME,
the neutrino group velocity (vsmeg ) can be written as:
vsmeg = 1−
m2
2E2
+ c˚+
∞∑
n=1
k(n)En, (6)
for a generic mass m and energy E. The quantities k(n)
are proportional to the isotropic LIV coefficients of the
SME and c˚ = −4cTT /3, where cTT is the coefficient for
Lorentz violation related to the SME Lagrangian2. For
simplicity, the following comparison will be done with c˚.
2 They are tensor vaccum expectation values which are background
fields that break the Lorentz symmetry.
If we consider our dispertion relation in Eq. (5), the
group velocity (vig =
(
dp
dEi
)−1
), for each mass eigenstate,
can be written for our LIV case as:
vig ≈ 1−
m2i
2E2i
+
σ
2
. (7)
So, if we compare Eq. (7) with Eq. (6), σ/2 = c˚. Note
that, by construction and assumptions, our σ is not ex-
plicitly dependent on energy and, for this reason, we ne-
glected the terms k(n) in vsmeg to do a fair comparison.
The Hamiltonian in the mass basis can be explicitly
written as:
H = E+
 0 0 00 E(σ2 − σ1) + ∆m2212E 0
0 0 E(σ3 − σ1) + ∆m
2
31
2E
 .
(8)
For the distance considered and the energy range of the
order of tens of GeV, we can ignore the CP violation
effects [33, 46]. In Eq. (8), we consider, for simplic-
ity, that the LIV modifications are σi − σj ≡ σ. Also,
∆m2ij ≡ m2j −m2i , for j = 1, 2, 3. We can then consider
the best-fit parameters of the oscillation parameters de-
termined by [47]. Based on the solar experiments and
the KamLand reactor ν¯e, ∆m
2
21 = 7.54 × 10−5 eV2 and
sin2 θ12 = 0.307 are the best-fit values. For normal hier-
archy (NH), ∆m232 = 2.43 × 10−3 eV2, sin2 θ23 = 0.386,
and sin2 θ13 = 0.0241. For inverted hierarchy (IH),
we use the following oscillation parameters: ∆m232 =
2.42× 10−3 eV2, sin2 θ23 = 0.392, and sin2 θ13 = 0.0244.
These parameters are fully summarized in Table I.
∆m221 (eV
2) ∆m231 (eV
2) sin2 θ21 sin
2 θ23 sin
2 θ13
NH 7.54× 10−5 2.43× 10−3 0.307 0.386 0.0241
IH 7.54× 10−5 2.42× 10−3 0.307 0.392 0.0244
TABLE I. Values of the best-fit oscillation parameters ex-
tracted from the Bari group [47].
We calculated the conversion probabilities for the so-
called golden channel, νe → νµ and ν¯e → ν¯µ. Also, we
calculated the survival probabilities for the νµ → νµ and
ν¯µ → ν¯µ channels. These calculations are justified be-
cause we are interested in events related to the produc-
tions of µ± in the detector and only νµ and ν¯µ are going
to generate these muons, as we explain in next section.
The extraction of the probabilities for each neutrino en-
ergy, which varies from 1 GeV to 50 GeV, and for the
fixed baseline of L = 7500 km, is done by numerically
solving the differential equation shown in Eq. (3). The
initial conditions for νe → νµ (or ν¯e → ν¯µ) are Ψe(0) =
(Ψee Ψeµ Ψeτ ) = (1 0 0). Conversely, for νµ → νµ (or
ν¯µ → ν¯µ) they are Ψµ(0) = (Ψµe Ψµµ Ψµτ ) = (0 1 0).
We also consider the different effects of the ordering
of the neutrino masses. We must remember that this
question is still an open one in neutrino physics. NH is
considered when we have the lightest mass eigenstates
4being mν1 and the heaviest, mν3 : mν1 < mν2  mν3 . In
the case of IH we have: mν3  mν2 < mν1 .
In Fig. 1, we plot the conversion probabilities for the
channel νe → νµ. Solid curves represent the standard pic-
ture (σ = 0) without LIV and dashed and dotted curves
are the LIV cases for σ = 5 × 10−24 and σ = 10−23,
respectively. Thinner curves represent NH and thicker
curves represent IH. First, for the standard case, we
notice that the peak of the conversion probability for
νe → νµ, in the NH case, occurs around ∼ 6.5 GeV,
which is the resonance energy (Eres) for the Earth mat-
ter potential (V ), the θ13 angle, and the ∆m
2
31 considered
here: Eres =
∆m231 cos 2θ13
2V . Notice that for the IH case,
there is a suppression in the oscillation compared to the
NH case, since interactions with matter are practically
suppressed. In Fig. 2, we have the same pattern, but
now for the golden channel, ν¯e → ν¯µ. For approximately
E ≥ 4 GeV the presence of the LIV σ factor significantly
changes the values of the probabilities, as we can see in
Fig. 1 and 2.
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σ=10-23(IH)
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FIG. 1. In this figure we show the conversion probability
for the golden channel, νe → νµ. We consider a baseline of
L = 7500 km. The solid curve is for the standard picture
(σ = 0) and the dashed and dotted curves are the LIV cases
with σ = 5× 10−24 and σ = 10−23, respectively. The thinner
curves are for NH and the thicker curves are for IH.
When we take into account σ, the presence of a new
oscillation term explains why these dotted and dashed
curves have new oscillation peaks. There are modifica-
tions in the oscillation length and new resonances ap-
pear in the propagation. We stress the fact that for
σ . 1×10−24, there is a coincidence between the LIV con-
version probabilities with the standard situation (σ = 0).
Of course, in the present situation and analysis, this is a
very weak limit since there was no simulation of experi-
mental data done for the neutrino factory we are taking
into account.
In Fig. 3 and Fig. 4, respectively, we show the survival
probabilities for the processes νµ → νµ and ν¯µ → ν¯µ.
From these figures we infer that the modifications be-
tween the LIV case and the standard one occur approx-
imately for E ≥ 6 GeV. Therefore, we deduce that LIV
can only be probed for high energy neutrino factories be-
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FIG. 2. In this figure we show the conversion probability
for the golden channel, ν¯e → ν¯µ. We consider a baseline of
L = 7500 km. The solid curve is for the standard picture
(σ = 0) and the dashed and dotted curves are the LIV cases
with σ = 5× 10−24 and σ = 10−23, respectively. The thinner
curves are for NH and the thicker curves are for IH.
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FIG. 3. In this figure we show the conversion probability for
the process νµ → νµ. We consider a baseline of L = 7500 km.
The solid curve is for the standard picture (σ = 0) and the
dashed and dotted curves are the LIV cases with σ = 5×10−24
and σ = 10−23, respectively. The thinner curves are for NH
and the thicker curves are for IH.
cause in this energy regime the main modifications in the
oscillation pattern occur.
IV. NEUTRINO DETECTION
Neutrinos will be detected at a far site of about L =
7500 km from the neutrino factory. The detection will
be done using a magnetized 10 kton iron detector, where
we consider and idealize a detection efficiency of 100%.
The detection is done when the νµ interacts with the
nucleus, N , and produces the correlated lepton, µ−. The
same happens for ν¯µ, but the lepton associated is the µ
+.
The charged-current (CC) cross sections related to these
processes are given by [48]
σνN ≈ 0.67× 10−38 × E(GeV) cm2 (9)
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FIG. 4. In this figure we show the conversion probability for
the process ν¯µ → ν¯µ. We consider a baseline of L = 7500 km.
The solid curve is for the standard picture (σ = 0) and the
dashed and dotted curves are the LIV cases with σ = 5×10−24
and σ = 10−23, respectively. The thinner curves are for NH
and the thicker curves are for IH.
and
σν¯N ≈ 0.34× 10−38 × E(GeV) cm2. (10)
One possible detector being considered is the one called
MIND [49]. The MIND detector will be able to identify
the channel of oscillation by the production of muons and
their respective charge signals. An advantage of muon
detection is that the backgrounds are very small, of the
order of 3× 10−5. This is very small if we compare with
νe detection in superbeams experiments [50]. Consider-
ing all of this context, we will present our results in the
next section with the very optimistic knowledge of back-
grounds and a very clean signal.
V. RESULTS
We consider, also in an optimistic way, a threshold for
neutrino detection of 1 GeV. As pointed out before, we
take into consideration in the production mechanism 2×
1020 muon decays per year that will produce the neutrino
spectra characterized by Eq. (1) and Eq. (2). After the
neutrino production, we have a propagation for 7500 km
along the Earth, where our σ LIV factor is going to be
taken into account and we numerically solve Eq. (3). The
detection of these neutrinos is represented by the cross
sections in Eqs. (9,10) and we use a detector size of 10
kton.
In Fig. 5, we show the total number of events (νµ+ ν¯µ)
per year considering a µ− ring for several muon momenta,
which vary from 10 GeV/c to 50 GeV/c. The solid lines
are for the standard case, i.e., σ = 0. The red dashed
lines are for the LIV case, σ = 5× 10−24, and the dotted
blue lines are for the LIV case, σ = 10−23. The thicker
lines represent the IH and the thinner ones the NH. The
same is done in Fig. 6, but considering a µ+ ring.
10 20 30 40 50
E Μ H GeV L
10
100
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105
Rate H year- 1 L
FIG. 5. The number of events, νµ+ ν¯µ, per year for a 10 kton
detector considering neutrinos produced in a neutrino factory
with a µ− ring for several muon momenta. The legend of our
curves respects the same pattern of the other figures and has
been omitted.
We notice from both figures that we can distinguish the
rate if we consider the LIV factor from the standard case.
This happens for each muon momentum in the neutrino
factory. The main reason for these modifications is the
distinct behavior of the oscillations in the LIV cases, as
shown in Figs. 1,2,3 and 4, especially for E > 10 GeV
where the modifications become more pronounced.
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FIG. 6. The same as Fig. 5, but for a µ+ ring.
To better understand the inclusion of the LIV param-
eter, we calculated the number of events for two specific
momenta of the muon: p = 20 GeV/c and p = 50 GeV/c.
The calculation has been done for both NH and IH cases
and for considering different muon charges (µ±). They
are presented in Table II and Table III. In Table II, for
both muon polarizations and both hierarchies, we notice
an increase in the total number of events (νµ + ν¯µ) per
year when we introduce the LIV factor. First, this in-
crease for the µ− ring can be explained by the fact that
in both LIV cases, Peµ and Pµµ for ν¯e → ν¯µ and νµ → νµ,
respectively, are greater than Peµ and Pµµ in the non-LIV
case. See Fig. 1 and Fig. 4 for regions where E < 20 GeV.
Also, notice that the number of events in the µ− ring is
larger than in the µ+ ring. This happens because, for the
µ+ ring, modifications in the probabilities curves are less
drastic than in the case of the µ− ring for E < 20 GeV.
In Table III, we evaluated the number of events (νµ +
ν¯µ) per year for muons with momentum equal to 50
GeV/c. For the µ− ring, there is a reduction in the num-
6ber of events when the σ LIV parameter is 6= 0, since
Pµµ for the oscillation channel νµ → νµ, is suppressed
for neutrino energies higher than 20 GeV. This suppres-
sion is even more pronounced when σ = 10−23. However,
in the case of a µ+ ring, generally we can notice an in-
crease in Peµ for the process νe → νµ, and Pµµ for the
channel ν¯µ → ν¯µ. This explains the increase in the num-
ber of events compared to the non LIV case. The fact
that NH has fewer events than IH, for σ = 5 × 10−24
and σ = 10−23, is due to the fact that Pµµ (dotted and
dashed curves) for E > 15 GeV, is smaller than Pµµ in
the σ = 0 case (solid curve), as seen in Fig. 4.
Ring Hierarchy σ = 0 σ = 5× 10−24 σ = 10−23
µ− NH 422 1103 1533
µ− IH 488 1147 1511
µ+ NH 349 420 803
µ+ IH 197 285 434
TABLE II. The number of events, νµ+ν¯µ, per year for 10 kton
detector considering a 7500 km neutrino factory baseline for
σ = 0, σ = 5 × 10−24, and σ = 10−23. We consider here NH
and IH. Calculations were also done for a µ− ring and µ+ ring
with momentum p = 20 GeV/c.
Notice that we have presented our results in terms of
the total number of events in one year of data from a
neutrino factory. We could have presented our results in
terms of the modification of the neutrino spectra, which is
related to the neutrino oscillation probabilities, since we
notice a severe modification in the pattern of the curves
in Fig. 1, 2, 3, and 4 when we compare to the standard
case. However, we think that the strategy of counting the
number of events could also be an indication of the pres-
ence of LIV phenomena that, combined with the modi-
fications of the spectra, would be a strong indication of
new physics.
Ring Hierarchy σ = 0 σ = 5× 10−24 σ = 10−23
µ− NH 24414 15057 14492
µ− IH 23314 14681 12043
µ+ NH 12414 14637 17480
µ+ IH 11908 21699 24310
TABLE III. The number of events, νµ + ν¯µ, per year for
10 kton detector considering a 7500 km neutrino factory base-
line for σ = 0, σ = 5 × 10−24, and σ = 10−23. We consider
here NH and IH. Calculations were also done for a µ− ring
and µ+ ring with momentum p = 50 GeV/c.
VI. CONCLUSIONS
In this work we analyzed the possible modifications in
the number of events (νµ + ν¯µ) per year in a neutrino
factory located 7500 km from a 10 kton detector. We
introduced a parameter, σ, that breaks the Lorentz in-
variant assumption. This can have consequences in the
neutrino oscillation mechanisms and modify the number
of events. In Fig. 5 and Fig. 6 we have shown that the
modification in the number of events happens when one
compares the standard case (σ = 0) to the LIV cases
(σ = 5 × 10−24 and σ = 10−23) for several muon mo-
menta, both muon polarizations, and NH/IH. These pa-
rameter values were chosen considering the baseline and
typical neutrino energies of a neutrino factory, since they
generate clear modifications in the survival probabilities
(νµ → νµ and ν¯µ → ν¯µ) and in the conversion probabili-
ties (νe → νµ and ν¯e → ν¯µ).
If we consider a simplified version of the SME, con-
sidering an isotropical approximation (no LIV from rota-
tions), the parameter σ of this work is comparable with
the parameter c
(4)
eµ , a dimension 4 operator, that controls
neutrino oscillation in the channel of νe ↔ νµ and does
not promote CPT violation effect. Considering data in-
formation from LSND and MinibooNE, a maximum sen-
sitivity of 10−19 (Table S4 of Ref. [13]) can be found. For
more details of the model and the evaluation of this LIV
parameter, see [45].
In the case of non-terrestrial experiments, in [51], for
example, considering the νµ ↔ ντ oscillation channel
and the Super-Kamiokande data of atmospheric neutri-
nos with a range of energy of about four decades, the
standard scenario was confirmed as the dominant effect
in neutrino oscillation and other terms that induce vi-
olations in relativity as subleading effects. With the
inclusion of K2K data, [52] obtained the same conclu-
sion. Using the Macro data of upward-moving muons of
atmospheric neutrinos, [53] also found that LIV is not
favored by the atmospheric data, even as a subleading
term in the oscillation mechanism. At 90% C.L. these
works found, roughly speaking, that σ . 6× 10−24. De-
spite the fact that atmospheric neutrinos disfavor LIV
in the neutrino oscillation context, the results in neu-
trino factories show that if we have a possible violation
in the principle of Lorentz invariance, this can be de-
tected in a future neutrino factory, considering values of
σ – 5 × 10−24 and 10−23 in this present work – near
of some of the upper limits experimentally determined
by the results of atmospheric neutrinos, whose flux is
reasonably well understood: normalizations are known
to 20% approximately (10% approximately for neutrino
energies below 10 GeV); the ratio of fluxes are known
to ∼ 5%; fluxes decay rapidly with neutrino energies of
Eν > 1 GeV. So, considering that the known flux proper-
ties of atmospheric neutrinos have several uncertainties
and the perspective of very clean signals in neutrino fac-
tories, neutrino factories in the future can achieve lower
uncertainties and reveal the LIV phenomenon or even
put more stringent bounds on it considering the neutrino
oscillation perspective.
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